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Feedback from grower surveys often lists N fertilizer man-agement among the more challenging aspects of modern corn production. This is because soil N availability and 
plant uptake varies dynamically as a result of the complex interac-
tions between the crop, soil, and weather (Tremblay et al., 2012). 
Consequently, the economic optimum nitrogen rate (EONR) 
to apply for a given field can differ substantially from year to year 
(Sawyer and Nafziger, 2005; Nafziger et al., 2008), and within 
fields due to spatial variability in soil properties (Mamo et al., 
2003; Scharf et al., 2005; Shahandeh et al., 2005; Shanahan et 
al., 2008). For these reasons, growers can inadvertently under- or 
over-apply N, reducing profitability (Lambert et al., 2006). In 
cases where N is over-applied, the potential risk for environmental 
degradation increases (Jaynes et al., 2001; Shanahan et al., 2008; 
Shcherbak et al., 2014).
Due to the economic and environmental consequences of N lost 
from the plant root zone, there has been a considerable amount of 
public and private research effort devoted to the development of 
decision tools for determining optimal N rate. Thus, there are a 
wide variety of tools available to growers for estimating the corn N 
need for specific fields and even subregions of fields (Morris et al., 
2017). These include the mass balance approach based on a yield 
goal or yield potential (not currently recommended in the majority 
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ABSTRACT
Due to economic and environmental consequences of N lost from 
fertilizer applications in corn (Zea mays L.), considerable public 
and industry attention has been devoted to the development of N 
decision tools. Needed are research and databases and associated 
metadata, at numerous locations and years to represent a wide 
geographic range of soil and weather scenarios, for evaluating 
tool performance. The goals of this research were to conduct stan-
dardized corn N rate response field studies to evaluate the perfor-
mance of multiple public-domain N decision tools across diverse 
soils and environmental conditions, develop and publish new 
agronomic science for improved crop N management, and train 
new scientists. The geographic scope, scale, and unique collabora-
tive arrangement warrant documenting details of this research. 
The objectives of this paper are to describe how the research was 
undertaken, reasons for the methods, and the project’s anticipated 
value. The project was initiated in a partnership between eight 
U.S. Midwest land-grant universities, USDA-ARS, and DuPont 
Pioneer. Research using a standardized protocol was conducted 
over the 2014 through 2016 growing seasons, yielding a total of 
49 sites. Preliminary observations of soil and crop variables mea-
sured from each site revealed a magnitude of differences in soil 
properties (e.g., texture and organic matter) as well as differences 
in agronomic and economic responses to applied N. The project 
has generated a valuable dataset across a wide array of weather and 
soils that allows investigators to perform robust evaluation of N 
use in corn and N decision tools.
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Core Ideas
•	 The geographic scope, scale, and unique collaborative arrange-
ment warrant documenting details of this work.
•	 The purpose of this article is to describe how the research was 
undertaken, reasons for the research methods, and the project’s 
potential value.
•	 The project generated a valuable dataset across a wide array of 
weather and soils that allows evaluation of N decision tools.
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of the U.S. Midwest Corn Belt region), pre-plant soil nitrate test 
(PPNT), pre-side-dress soil nitrate test (PSNT), maximum return 
to nitrogen (MRTN), crop growth models, and in-season N 
applications using active-optical reflectance sensors. Morris et al. 
(2017) provides a summary of the development and the strengths 
and weaknesses of many corn N recommendation tools. Despite 
the extensive research effort devoted to the development of these 
tools and their evaluation, there have been few investigations con-
ducted to compare their performance in the same study and under 
the wide array of soils and climate that represent the U.S. Corn 
Belt. One recent regional study was conducted to compare crop 
modeling (Maize-N) vs. active crop canopy sensing approaches 
for recommending in-season N fertilizer rates (Thompson et al., 
2015). While this work provided useful insights regarding the 
relative performance of these two approaches, the results have 
limited application to the entire Corn Belt region (only three U.S. 
states were involved). Additionally, the experimental design for 
that research did not include the necessary N treatments to calcu-
late a precise optimal N rate, so tool performance evaluation was 
limited. In another study, a wide range of soil and weather envi-
ronments may have been explored, but only one N management 
decision tool was evaluated (Scharf et al., 2006).
Because of the lack of side-by-side research comparing N deci-
sion tools, and the opportunity to study N response in corn across 
a wide geographic region, a regional multi-year, public-industry 
research project was conducted. Specific research findings from 
this project will follow in coming years. The purpose of this paper 
is to document how the research project was undertaken, provide 
the research methods, and describe the project’s potential value. 
This narrative will provide details that can aid in future studies 
of similar focus and the necessary descriptions for meta-analysis 
when the raw data is made publically available. The specific objec-
tives of this paper are:
1. Describe: (i) process and procedures of the project develop-
ment; (ii) multi-state scale for diversity in soil and weather 
environments; (iii) public-industry partnership, agreements, 
and organizational structure; (iv) standardized materials and 
methods; (v) data organization and certification; (vi) graduate 
student research questions, education, and publication; and 
(vii) project resource management.
2. Summarize: (i) descriptive statistics results; (ii) timeline and 
anticipated science outcomes; and (iii) project advantages 
and value.
pRoJeCT DeSCRIpTIon
process and procedures of project Development
The overall approach for the project involved a fundamental N 
fertilizer rate response field-plot study including a single at plant-
ing application and split applications, conducted with standard-
ized methods across a wide array of soil and weather conditions of 
the U.S. Corn Belt. The investigation of this project was conducted 
in the following eight states: Illinois, Indiana, Iowa, Minnesota, 
Missouri, Nebraska, North Dakota, and Wisconsin. Yield, soil, 
plant, and weather measurements were collected at each study site 
to provide N response functions that were used to evaluate each 
of the decision tools. In this manner, the N rate that would have 
been recommended by a specific tool could be referenced with 
the EONR determined from the response function, providing 
a quantitative assessment of tool performance. Additionally, the 
ancillary soil, plant, and weather data can be used to better under-
stand corn N response and develop new agronomic science for 
improved crop N management. Although this research was con-
ducted in the U.S. Midwest, the methodology and research out-
comes will be applicable to agronomic studies across larger regions 
throughout the world.
Multi-State Scale for Diversity in Soil 
and weather environments
Since a goal of this research was to evaluate N decision tools 
for their ability to prescribe optimal N rates across a wide array of 
conditions represented by the U.S. Corn Belt, a multi-state inves-
tigation was deemed essential to accomplishing that goal. That 
approach was supported by research findings from Tremblay et 
al. (2012), who conducted an extensive study covering 51 diverse 
locations in North America over a 4-yr period. They found that 
soil properties and weather conditions had profound effects 
on corn yield response to applied N. Therefore, for this project 
investigators from each of eight states were asked to select two 
contrasting sites for each of the three study years (2014 through 
2016); one located on a highly productive soil and the other on a 
relatively less productive soil. New sites were identified each year. 
This produced 49 total research sites (Missouri conducted the 
study at 3 sites in 2016) over the 3 yr (Fig. 1a and Table 1). The 
locations encompassed a major portion of the Corn Belt region 
(Fig. 1b) and represented a wide range of soil (Fig. 1a and Fig. 
2) and climatic conditions (Fig. 1c and 1c). The sites were well 
distributed across the three major soil orders (Alfisol, Mollisols, 
and Entisols) found in the region, with the more poorly drained 
sites (Alfisol soils) found primarily in southern Illinois and 
central Missouri. A few sites were located on Entisols near a 
major river. Average annual rainfall varies substantially across the 
region, increasing by almost twofold from the northwest to the 
southeast. Rainfall distribution for the region varies seasonally, 
with 70 to 80% of the precipitation concentrated in the spring 
and summer of the growing season (April–October). Average 
annual temperatures also vary widely across the region, increas-
ing from the north to the south. Because average temperatures 
vary dramatically, the growing season length also ranges widely 
across the region. For example, the average length of growing 
season (defined as frost-free days from planting to physiological 
maturity) available to bring corn to maturity ranges from only 
around 90 d in the far northern portion of the study up to nearly 
120 d in the southern portion (data not shown). Longer-season 
hybrids typically possess higher yield potential. To accommodate 
these differences in growing season length across the research 
sites, DuPont Pioneer brand hybrids were selected with suitable 
comparative relative maturity ratings and other desirable traits 
to maximize yield potential while minimizing risk to frost injury 
for a given site. The hybrids (Table 1) used in this study ranged in 
comparative relative maturity rating from 89 to 115 d.
public-Industry partnership, Agreements, 
and organizational Structure
Due to the challenges in executing a project of this scale and 
scope, it was thought that a collaboration involving university 
researchers located in states across the U.S. Corn Belt was essential 
for success. Hence, the project was undertaken as a public-industry 
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partnership between DuPont Pioneer and researchers at eight 
land-grant universities to represent the eight states previously iden-
tified (University of Illinois, Purdue University [Indiana], Iowa 
State University, University of Minnesota, University of Missouri 
and USDA-ARS, University of Nebraska-Lincoln, North Dakota 
State University, and University of Wisconsin-Madison). A criti-
cal component of a public/private partnership is that all partners 
receive something of value. The primary interests of the university 
investigators were to evaluate public-domain N decision tools, 
develop new agronomic science for improved crop N management, 
train new scientists, and contribute to scientific knowledge by 
publishing research results.
The key interests of DuPont Pioneer, the industry partner in 
this project, were to produce a dataset for validation and improve-
ment of their new N decision tool, and to facilitate the training 
of new scientists. In addition to being a provider of hybrid seed, 
DuPont Pioneer also provides agronomic management suggestions 
to customers, assisting them in making the greatest possible profit 
from their seed products. DuPont Pioneer recently launched the 
Encirca Services platform, which is marketed to growers as a means 
for more efficient and sustainable management of crop inputs 
including genotype, seeding rate, and crop nutrients (N, P, K). The 
Encirca N service is a cloud-based decision tool that uses models 
in combination with site-specific soil and weather information 
obtained from customer farms, to deliver site-specific N applica-
tions (Heggenstaller and Munaro, 2016). For their part on the 
project, DuPont Pioneer provided seed of various hybrids, finan-
cial support for graduate students and research scientists, financial 
support for research costs, in-kind contributions of equipment 
(weather stations, soil moisture probes, and active-optical sensors), 
soil and plant analysis services, aerial images, and the assembly and 
management of weather data collected from weather stations at 
each study site. This totaled approximately US$2 million over the 
3 yr of the project. There was an additional contribution of both 
University and DuPont Pioneer research and other staff time that 
was approximately similar in amount.
To formalize this partnership, DuPont Pioneer legal personnel 
worked with legal representatives from each of the eight land-grant 
Universities to execute contractual agreements. The project was led 
by Dr. Newell Kitchen (USDA-ARS Soil Scientist and an adjunct 
faculty member at the University of Missouri), with the univer-
sity principal investigators from the other states serving as the 
overall project team leadership. The five graduate students funded 
by the project performed much of the work in four states, with 
research scientists and technicians primarily helping to conduct 
the research for the other four states. Members of the Agronomy 
Sciences team from DuPont Pioneer also served in an advisory 
capacity to the project. The principal investigation team, as well as 
graduate students, met monthly via teleconference calls and annu-
ally in face-to-face meetings, to discuss research progress, interpret 
results, coordinate graduate student research, clarify or modify 
protocols, and develop publication plans.
Rules for what constitutes authorship vary between insti-
tutions, organizations, professional societies, and scientists 
(Osborne and Holland, 2009). After reviewing policies of 
reputable journals and the organizations represented by the 
principal investigators, a publication policy statement was 
accepted. It stated that all authors on any project publications are 
expected to contribute to all phases of a publication, including: 
Fig. 1. Maps of study region depicting spatial distribution of 
(a) USDA-NRCS great soil orders, (b) mean annual rainfall from 
NOAA, and (c) mean annual temperature. The locations of the 
49 study sites from 2014 to 2016 are shown within the eight 
states Iowa, Illinois, Indiana, Minnesota, Missouri, Nebraska, 
North Dakota, and Wisconsin. Some sites from 1 yr to the 
next were in close proximity and may be hidden by later-year 
symbols.
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(i) conception and execution or analysis and interpreta-
tion; (ii) drafting the article or revising it for critically 
important intellectual content; and (iii) final approval 
of the version to be published. Multi-state level publica-
tions would include the lead principal investigator from 
the states contributing data. Other potential co-authors 
that meet the three criteria for authorship stated above 
could include graduate students, DuPont Pioneer inves-
tigators, and other state-level investigators or support 
scientists.
STAnDARDIzeD MATeRIALS 
AnD MeTHoDS
A key element of the project was standardization of 
research procedures to minimize uncontrolled error, 
thereby improving the ability to interpret the impact of 
the range of environmental conditions on corn response 
to N fertilization. This standardization was in part a 
necessity driven by the tremendous geographic extent 
of the research (1.35 million km2 represented by the 
eight U.S. states involved) and the involvement of a 
team of more than 20 individuals conducting field trials. 
Therefore, one of the first responsibilities of the prin-
cipal investigators was to develop a standardized set of 
methods for field research implementation, crop and soil 
measurements, data collection, data quality analysis, and 
finally data certification. Following generally accepted 
procedures documented in the scientific literature, meth-
ods were drafted, discussed, and refined into a protocol 
document. Protocol details also included describing 
project organization, coordination and communica-
tion, roles of all investigators, site selection criteria, site 
characterization, experimental design, N fertilization 
treatments and implementation, use of common equip-
ment, sample schedule, sample labeling, soil and plant 
sampling procedures, sample processing, sample storage, 
data management, and publication review and author-
ship. The protocol document was kept as a single source, 
shared through Box Inc. (Redwood City, CA) and modi-
fied when clarification details warranted. (Box is a secure 
cloud file service the universities associated with this proj-
ect approved and supported because of its rigid security 
standards.) During monthly project teleconference meet-
ings, specific protocol instructions were reviewed prior to 
implementation. Also, the written protocol was supple-
mented by private YouTube videos, produced specifically 
for the project, to visually demonstrate equipment instal-
lation or operational details (such as active-optical sensor 
operations and soil moisture apparatus installations).
To help with standardization of the soil characteriza-
tions, a single research crew originating from Missouri 
traveled to each trial site prior to spring planting and 
sampled the soil profile (four 1.2-m depth cores per site), 
described and sampled soil by pedogenic horizon, and 
processed samples for laboratory analysis. On the same 
day, an apparent soil electrical conductivity (ECa) survey 
was obtained at each site using a Veris Technologies V3100 
electrical conductivity detector (Veris Technologies, 
Salina, KS). The ECa data were collected on transects T
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approximately 5 m apart on 1 s intervals, with the instrument pulled 
through the experimental plot areas at approximately 2 m s–1, which 
corresponded to a measurement about every 2 m along the transects. 
All ECa measurements were georeferenced using DGPS receiv-
ers. Other ECa collection details have been previously published 
(Sudduth et al., 2003, 2005).
While most reputable labs that provide soil and plant analysis 
services are accredited by independent testing and certification 
entities to establish proficiency, the principal investigators agreed 
to use a single lab that employed accepted QA/QC protocols for 
specific analyses to remove potential lab-to-lab variation. Soil 
samples from the site characterization were analyzed for soil physi-
cal and chemical properties by the University of Missouri Soil 
Health Assessment Center. This lab has been in operation over 
30 yr (under different names) and regularly performs analyses 
on samples from across North America. Plant N and soil nitrate 
N analyses were completed by Agvise Laboratories located in 
Northwood, ND. A subset of samples was also analyzed for 
ammonium N (University of Missouri Soil Testing Laboratory) 
and N mineralization tests (USDA-ARS Cropping Systems and 
Water Quality Research Unit- Soil Microbiology Laboratory 
located in Columbia, MO).
To ensure that standardized procedures were used for collection 
of weather information, DuPont Pioneer assumed a central leader-
ship role. Weather data for each growing season were obtained 
with HOBO (model U30) weather stations (Onset Corporation, 
Bourne, MA) located at each site. Raw and summarized data 
(maximum and minimum temperatures, solar radiation, and total 
precipitation) were uploaded daily to a DuPont Pioneer cloud server 
via cellular connection for centralized data archiving, management, 
and quality assessment. The summarized daily data were quality 
checked against interpolated temperature data from Multi-Radar/
Multi-Sensor (MRMS) rainfall data (The National Severe Storms 
Lab, NOAA). Any outliers and/or missing values were identified 
and replaced by the interpolated temperature or MRMS rain-
fall estimates. Daily global solar radiation was estimated using 
Bristow–Campbell equation (Bristow and Campbell, 1984) with 
parameters optimized based on ground observational data collected 
from 239 weather stations across U.S. contiguous states during 
1961 to 1990 (Renewable Resources Data Center, Golden, CO).
Sixteen N fertilizer treatments with four replications were used in 
a randomized complete block design at each site. Eight treatments 
consisted of all N fertilizer applied at planting (0–315 kg N ha–1 
on 45 kg ha–1 increments). Six treatments constituted a split 
application, with a low N fertilizer rate at planting (45 kg N ha–1) 
plus side-dress (V9 ± one corn development stage as described by 
Abendroth et al., 2011) rates (45–270 kg N ha–1 on 45 kg ha–1 incre-
ments). Two additional split treatments were medium N at planting 
(90 kg N ha–1) plus two side-dress rates (90 and 180 kg N ha–1) 
(treatments are summarized in Table 2). A single source of ammo-
nium nitrate was used for all sites each year (provided by El Dorado 
Chemical Company, Rockwell, TX). Ammonium nitrate was used 
because we expected it to perform more similarly across the range 
of environmental conditions represented by the study region, to be 
independent of N recommendation tools being evaluated, to pro-
vide for uniform broadcast application, to allow for soil nitrate and 
ammonium N assessment shortly after fertilizer application, and be 
acceptable for surface application.
A summary of baseline site characterization, in-season soil, 
plant, and weather measurements, and management and histori-
cal records collected is provided in Table 3. Additional descriptive 
details of the materials and methods included in the project proto-
col document are provided in Table 4, and a timeline of sampling 
is provided in Table 2. Other specific methods, data calculations, 
and statistical analyses will be documented when detailed research 
findings are published.
Data Organization and Certification
Microsoft Excel (Microsoft Corp, Redmond, WA) spreadsheets 
were developed as templates for organizing and storing data. Files 
for each data type (e.g., soil nitrate N, soil characterization, plant, 
and yield) were prepared for each state at the beginning of each 
year. This helped to communicate the necessary data to be col-
lected. Datasheets included variable names standardized across the 
different data types. The templates included embedded formula 
calculations (e.g., plot yields transformed into conventional units). 
The first sheet of each spreadsheet was a “variable description” 
sheet, with each variable name with the variable units, variable 
description (including formula calculations when applicable), and 
relevant scientific citations.
Each principal investigator was responsible for certifying raw 
data they collected. Certification meant the results were examined 
for being reasonable based on the type of measurements, compa-
rability to prior like-studies with similar treatments, N treatments 
of the study, and similarity across replications. For soil nitrate N 
and plant N results, a project level “outlier report” was generated 
using box and whisker plots and the Cook’s distance metric to 
visualize potential outliers. Based on these examinations, a few soil 
and plant samples (<1% of more than 30,000 samples) were reana-
lyzed. Different results were found for about 15% of rerun samples. 
Principal investigators were given authority to designate especially 
questionable data as missing values, but were encouraged only to 
do so when the questionable data corresponded to issues noted 
with field observations or aerial images.
In addition to certification of raw data, the team agreed to stan-
dardize the process of developing and testing the yield response 
functions and calculation of EONR (corn grain price, $ 0.158 kg–1 
Fig. 2. Profile (1.2-m depth) average sand, silt, and clay content for 
the 49 research sites.
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[$4.00 bu–1]) and N fertilizer cost ($0.88 kg N–1 [$0.40 lb–1]) to 
ensure consistency in the anticipated research publications. Over 
past decades there have been several different modeling options 
explored for fitting model’s yield response data (Cerrato and 
Blackmer, 1990; Scharf et al., 2005; Sawyer et al., 2006). Often 
the quadratic-plateau (Q-P) model is identified as the most appro-
priate model for corn N response. In addition to the Q-P model, 
the quadratic (Q), linear-plateau (L-P), and linear models were also 
examined. Models were determined for each of the two N fertil-
izer application times associated with the treatments of this study: 
all N applied at planting and split with 45 kg N ha–1 at planting 
with the majority of N applied at side-dress. Performance of the 
Q-P model was almost always best using the metrics of significance 
of model probability, coefficient of determination (R2), and root 
mean square error (RMSE). In only a few cases did the L-P or Q 
models marginally improve compared to the Q-P model (e.g., R2 
increase of ≤0.03), therefore, the Q-P model was accepted for all 
but one of these research sites. At this one site, the Q model was 
accepted because it had a greater R2 and lower RMSE than Q-P 
model. Sites were identified as non-responsive to N when the Q-P 
model probability was insignificant (P > 0.10). This was the case 
for 6 out of the total 98 response functions, and for those cases 
the EONR was set at 0 kg N ha–1. A few sites never reached the 
plateau, were best described with a linear model, and for these sites, 
EONR was set at the maximum N rate of 315 kg N ha–1.
Upon certification, the data were compiled across all sites and 
years into single spreadsheets by data type and filed into the Box 
(Box, Redwood City, CA) cloud storage.
Research Questions, Graduate 
education, and publication
An overall objective of this research was to obtain soil and 
plant measurements over a range of environments that allowed for 
both economic and indirect environmental evaluation of corn N 
response and decision tools. Additionally, the data were expected 
to be used to modify or develop new tools for recommending N. 
Primary response functions of interest included EONR, agro-
nomic efficiency, fertilizer N use efficiency, residual soil nitrate N, 
and potential N loss. Each of these may be examined within each 
site, collectively across subsets of sites, or across all sites.
Graduate student education and training has been a major 
emphasis for the principal investigators. The concept of giving 
graduate students an opportunity to contribute to and then draw on 
a dataset that spanned over eight U.S. states was considered unique 
and valuable. In some instances, graduate students traveled beyond 
their own states and assisted in other states, which gave them a 
greater understanding of the diversity in soils and growing environ-
ments represented by the project. Each of the graduate students and 
their adviser identified objectives they wished to address, and then 
as a project team these objectives were discussed and approved. A 
shared document outlining the objectives was kept for reference, 
which provided a helpful communication tool regarding graduate 
student research emphasis. The document included the investiga-
tor and graduate student name, investigation title, objectives or 
hypotheses, data type to be used and from what states, and the team 
approval date. A summary of working objectives is found in Table 5.
project Resource Management
Execution of multi-institutional projects can be challenging 
because of procedural differences among the organizations. For 
this project, DuPont Pioneer worked one-on-one with each of 
the individual universities to produce agreements with common 
language that ensured standardization and promoted efficiency. 
Funding was conditional on the requirement to follow the meth-
ods and procedures outlined in the protocol document. Much of 
the equipment for soil and plant measurements (e.g., soil water 
sensors and data loggers, weather stations, canopy reflectance sen-
sors) as well as most laboratory measurements (e.g., soil N, plant N, 
baseline characterization) were paid directly by DuPont Pioneer, 
minimizing overhead accounting costs.
Table 2. Nitrogen application treatments and soil and plant sampling timeline. Within the table, X indicates sampling occurred at 
all sites and the O indicates supplemental samples collected at sites in 2015 (IA [1], IL [2], MO [2], NE [2]) and 2016 (IA [1], IL [2], 
MO [1], and NE [2]).
Treatment 
no.
N Fertilizer rates Soil nitrate-N sampling schedule Plant N sampling schedule
Planting Side-dress Total V5 V9 VT R4† Post-harvest V5 V9 VT R4† R6
———————–  kg N ha–1 ———————–
1 0 0 0 X O X O X O O X O X
2 45 0 45 X O O O X O O X O X
3 90 0 90 X O X O X O O X O X
4 135 0 135 X O O O X O O X O X
5 180 0 180 X O X O X O O X O X
6 225 0 225 X O O O X O O X O X
7 270 0 270 X O X O X O O X O X
8 315 0 315 X O O O X O O X O X
9 45 45 90 X X X X
10 45 90 135 X X X
11 45 135 180 X X X X
12 45 180 225 X X X
13 45 225 270 X X X X
14 45 270 315 X X X
15 90 90 180 X X X X
16 90 180 270 X X X
† For supplementary samples in 2015 only.
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Table 3. Measurements, methods, and associated citations for this project.
Parameter Method References and methods
Site characterization
Soil properties by pedological horizon
Texture Pipette Soil Survey Staff (2014) 3A1
Cation exchange capacity Ammonium acetate Soil Survey Staff (2014) 4B1a1a1a1a-b1
Total C Dry combustion Soil Survey Staff (2014) 4H2a1
Total inorganic C Difference between total carbon 
and organic portion of C
Total organic C Dry combustion Nelson and Sommers (1996)
Organic matter Loss-on-ignition Soil Survey Staff (2014) 5A
pH pH meter (salt and water) Soil Survey Staff (2014) 4C1a1a and 4C1a1a2
Bulk density Core Soil Survey Staff (2014) 3B6a
Electrical conductivity 1:1 paste Rhoades (1982)
Profile soil
Apparent soil electrical conductivity Veris 3100 Sudduth et al. (2005)
Soil fertility
pH pH Meter Thomas (1996)
Phosphorus Colorimetry (Bray I, Mehlich III, 
or Olson P)
Kuo (1996)
Potassium Colorimetry (ammonium acetate, 
Bray I, or Mehlich III)
Helmke and Sparks (1996)
Organic matter Loss-on-ignition Nelson and Sommers (1996)
Sampling and measurements
Soil
Nitrate-N Colorimetry Gelderman and Beegle (1998), Mulvaney (1996)
Ammonium N Colorimetry Keeney and Nelson (1982)
Mineralization Anaerobic incubation Bundy and Meisinger (1994), Keeney and Bremner (1966), 
Rhine et al. (1998)
Soil moisture Electrical resistance Eldredge et al. (1993)
Tissue
Grain N Dry combustion Bremner (1996)
Tissue N Dry combustion Bremner (1996)
N uptake Calculations based on biomass 
and N concentrations
Sawyer et al. (2017)
Crop color and biomass
Canopy reflectance sensor Hand held RapidSCAN CS-45 Holland and Schepers (2010), Kitchen et al. (2010), 
Shanahan et al. (2008)
Aerial images VIS and NIR Sripada et al. (2006), Zhang and Kovacs (2012)
Harvest
Yield Hand or combined harvested
Management and historical records
Current and past cropping system 
history and management
Survey from land manager or 
researcher
Weather
Photosynthetically 
active radiation
Measures wavelengths from 400 
to 700 nm
Daily average using HOBO weather stations instrumen-
tation (Onset Computer Corporation, Bourne, MA). 
Proprietary DuPont Pioneer weather interpolation 
methods for days where weather was not recorded 
before and after growing season or due to sensor 
maintenance issues.
Temperature/ 
relative humidity
Senor with solar radiation guard
Precipitation Tipping bucket
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 c
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 c
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at
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C
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 b
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ro
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.
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ra
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 d
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ra
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l o
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 c
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 D
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 m
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at
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l D
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 c
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 p
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 d
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 p
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 d
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 p
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at
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 D
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at
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 c
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at
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efl
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 r
efl
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 C
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 D
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ra
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 c
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 t
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at
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 m
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ra
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ra
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, b
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w
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 c
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l c
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ra
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 s
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 c
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 c
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l c
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 c
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 s
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 c
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 D
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 m
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 m
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 b
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ra
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ra
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at
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at
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 t
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w
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w
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at
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 c
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at
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 c
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 c
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at
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 c
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. c
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 d
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ra
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 C
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 c
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 c
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er
e 
ta
ke
n 
fr
om
 s
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at
m
en
ts
 w
er
e 
an
al
yz
ed
:
PP
N
T
: T
op
so
il 
fr
om
 e
ac
h 
of
 t
he
 fo
ur
 b
lo
ck
s
PS
N
T
: (
0-
0,
 9
0-
0,
 1
80
-0
, a
nd
 2
70
-0
 k
g 
N
 h
a–
1 
tr
ea
tm
en
ts
) 
fr
om
 e
ac
h 
of
 t
he
 fo
ur
 b
lo
ck
s
V
T
: (
0-
0,
 9
0-
0,
 1
80
-0
, 2
70
-0
, 4
5-
13
5,
 a
nd
 9
0-
90
 k
g 
N
 h
a–
1  
tr
ea
tm
en
ts
) 
fr
om
 e
ac
h 
of
 t
he
 fo
ur
 b
lo
ck
s
Pr
oc
ed
ur
e:
•	
Te
n 
gr
am
s 
of
 d
ri
ed
 a
nd
 g
ro
un
d 
so
il 
sa
m
pl
e 
w
as
 a
dd
ed
 w
ith
 2
5 
m
L 
2 
M
 K
C
l a
nd
 s
ha
ke
n 
fo
r 
5 
m
in
 o
n 
a 
re
ci
pr
oc
at
in
g 
sh
ak
er
. T
he
 s
ol
ut
io
n 
w
as
 fi
lte
re
d 
an
d 
th
e 
ex
tr
ac
ta
nt
 a
na
ly
ze
d 
fo
r 
am
-
m
on
iu
m
-N
 u
sin
g 
th
e 
am
m
on
ia
 p
he
no
la
te
 m
et
ho
d 
w
ith
 a
 L
ac
ha
t 
Fl
ow
 In
je
ct
io
n 
A
na
ly
ze
r 
(L
ac
ha
t 
In
st
ru
m
en
ts
, 1
99
7;
 Q
ui
ck
C
he
m
 M
et
ho
d 
12
-1
07
-0
6-
1-
B;
 H
at
ch
 C
om
pa
ny
, L
ov
el
an
d,
 C
O
). 
Po
te
nt
ia
lly
 m
in
er
al
iz
ab
le
 n
itr
og
en
Po
te
nt
ia
lly
 m
in
er
al
iz
ab
le
 N
 w
as
 d
et
er
m
in
ed
 o
n 
a 
su
bs
et
 o
f s
oi
l s
am
pl
es
 t
ak
en
 fo
r 
ni
tr
at
e-
N
 a
na
ly
si
s. 
Sa
m
pl
es
 r
et
ur
ne
d 
fr
om
 A
gv
is
e 
La
bo
ra
to
ri
es
 w
er
e 
su
bm
itt
ed
 t
o 
th
e 
U
SD
A
-A
R
S 
So
il 
M
ic
ro
bi
ol
og
y 
La
bo
ra
to
ry
 fo
r 
an
al
ys
is
. T
he
 s
ur
fa
ce
 0
- 
to
 3
0-
cm
 s
oi
l s
am
pl
es
 fr
om
 t
he
 p
re
-p
la
nt
 (
PP
N
T
) 
an
d 
th
e 
V
5 
[(
PS
N
T
) 
0-
0 
an
d 
18
0-
0 
kg
 N
 h
a–
1  
tr
ea
tm
en
ts
] 
so
il 
sa
m
pl
in
g 
tim
in
gs
 w
er
e 
us
ed
 fo
r 
th
e 
an
ae
ro
bi
c 
po
te
nt
ia
lly
 m
in
er
al
iz
ab
le
 N
 t
es
t. 
Pr
oc
ed
ur
e:
•	
Tw
en
ty
 m
ill
ili
te
rs
 o
f u
ltr
ap
ur
e 
w
at
er
 w
as
 a
dd
ed
 t
o 
4 
g 
of
 s
oi
l i
n 
50
 m
l F
al
co
n 
tu
be
s 
(C
or
ni
ng
 In
c.
, C
or
ni
ng
, N
Y
) 
an
d 
in
cu
ba
te
d 
fo
r 
7-
, 1
4-
, a
nd
 2
8-
d 
at
 4
0o
C
 (
K
ee
ne
y 
an
d 
Br
em
ne
r, 
19
66
).
•	
A
fte
r 
th
e 
in
cu
ba
tio
n,
 2
0 
m
L 
of
 4
 M
 K
C
l w
as
 a
dd
ed
 a
nd
 s
am
pl
es
 w
er
e 
sh
ak
en
 fo
r 
30
 m
in
.
•	
T
he
 s
ol
ut
io
n 
w
as
 p
as
se
d 
th
ro
ug
h 
a 
w
as
he
d 
0.
45
 µ
m
 s
yr
in
ge
 fi
lte
r 
di
sk
 a
nd
 s
to
re
d 
in
 a
 m
ic
ro
tu
be
 a
t 
–8
0o
C
 u
nt
il 
am
m
on
iu
m
-N
 a
na
ly
si
s 
co
ul
d 
be
 d
on
e.
•	
A
m
m
on
iu
m
-N
 p
ro
du
ce
d 
w
as
 d
et
er
m
in
ed
 b
y 
th
e 
Be
rt
he
lo
t 
m
et
ho
d 
(R
hi
ne
 e
t 
al
., 
19
98
) 
us
in
g 
a 
G
lo
m
ax
 M
ul
tid
et
ec
tio
n 
Sy
st
em
 p
la
te
 r
ea
de
r 
(P
ro
m
eg
a 
Bi
os
ys
te
m
s, 
In
c.
, S
un
ny
va
le
, C
A
).
•	
A
n 
in
iti
al
 a
m
m
on
iu
m
-N
 v
al
ue
 w
as
 d
et
er
m
in
ed
 fo
r 
ea
ch
 t
re
at
m
en
t 
an
d 
su
bt
ra
ct
ed
 fr
om
 t
he
 in
cu
ba
te
d 
sa
m
pl
es
 t
o 
ca
lc
ul
at
e 
ne
t 
am
m
on
iu
m
-N
 (
Bu
nd
y 
an
d 
M
ei
si
ng
er
, 1
99
4)
. 
Pl
an
t 
ab
ov
eg
ro
un
d 
bi
om
as
s 
an
d 
N
 c
on
te
nt
.
Sa
m
pl
e 
tim
in
g 
an
d 
tr
ea
tm
en
ts
:
V
T
: S
ix
 p
la
nt
s 
w
er
e 
ta
ke
n 
fr
om
 a
 r
ep
re
se
nt
at
iv
e 
ar
ea
 w
ith
in
 e
ac
h 
pl
ot
 t
ha
t 
w
ou
ld
 n
ot
 b
e 
us
ed
 fo
r 
gr
ai
n 
yi
el
d 
es
tim
at
io
n.
 T
he
 s
ix
-p
la
nt
 s
am
pl
e 
w
as
 c
ut
 a
t 
gr
ou
nd
 le
ve
l a
nd
 
pr
oc
es
se
d 
as
 a
 w
ho
le
 p
la
nt
. A
ll 
tr
ea
tm
en
ts
 fr
om
 a
ll 
ex
pe
ri
m
en
ta
l u
ni
ts
 (
64
 p
lo
ts
) 
w
er
e 
sa
m
pl
ed
.
R
6:
 S
ix
 p
la
nt
s 
w
er
e 
ta
ke
n 
fr
om
 w
ith
in
 t
he
 h
ar
ve
st
 r
ow
s 
at
 t
he
 o
ns
et
 o
f p
hy
si
ol
og
ic
al
 m
at
ur
ity
 d
et
er
m
in
ed
 b
y 
th
e 
st
ar
t 
of
 b
la
ck
 la
ye
r. 
G
ra
in
 a
nd
 c
ob
s 
w
er
e 
fir
st
 s
ep
ar
at
ed
 fr
om
 
ab
ov
e 
gr
ou
nd
 b
io
m
as
s 
be
fo
re
 p
ro
ce
ss
in
g. 
A
ll 
tr
ea
tm
en
ts
 fr
om
 a
ll 
bl
oc
ks
 w
er
e 
sa
m
pl
ed
. 
Su
pp
le
m
en
ta
l s
am
pl
es
: A
dd
iti
on
al
 p
la
nt
s 
w
er
e 
sa
m
pl
ed
 (
si
x)
 fr
om
 s
el
ec
t 
tr
ea
tm
en
ts
 fr
om
 a
 s
ub
se
t 
of
 t
he
 p
ar
tic
ip
at
in
g 
st
at
es
 (
Ta
bl
e 
2)
. I
n 
20
15
, s
up
pl
em
en
ta
l p
la
nt
 s
am
pl
es
 w
er
e 
ta
ke
n 
at
 V
5,
 V
9,
 a
nd
 R
4 
gr
ow
th
 s
ta
ge
s. 
In
 2
01
6,
 s
up
pl
em
en
ta
l p
la
nt
 s
am
pl
es
 w
er
e 
ta
ke
n 
at
 V
5 
an
d 
V
9.
 T
he
 V
5 
sa
m
pl
es
 w
er
e 
ta
ke
n 
on
 t
he
 b
or
de
r 
ro
w
s 
of
 e
ac
h 
pl
ot
. W
hi
le
 
th
eV
9 
sa
m
pl
es
 w
er
e 
ta
ke
n 
fr
om
 t
he
 m
id
dl
e 
tw
o 
ro
w
s 
of
 e
ac
h 
pl
ot
, w
ith
 t
hr
ee
 p
la
nt
s 
ta
ke
n 
fr
om
 fi
rs
t 
1.
5 
m
 o
f e
ac
h 
si
de
 o
f t
he
 p
lo
t. 
T
he
 R
4 
sa
m
pl
es
 w
er
e 
ta
ke
n 
w
ith
in
 t
he
 
ha
rv
es
t 
ar
ea
 a
nd
 a
ll 
ab
ov
e 
gr
ou
nd
 b
io
m
as
s 
pr
oc
es
se
d 
to
ge
th
er
, i
nc
lu
di
ng
 t
he
 c
ob
s 
an
d 
gr
ai
n.
 G
ra
in
 y
ie
ld
 in
 t
he
 p
lo
ts
 w
ith
 R
4 
sa
m
pl
es
 w
as
 a
dj
us
te
d 
fo
r 
th
e 
co
lle
ct
ed
 p
la
nt
s.
Pr
oc
ed
ur
e:
•	
W
et
 w
ei
gh
ts
 o
f a
ll 
si
x 
pl
an
ts
 w
er
e 
ta
ke
n 
sh
or
tly
 a
fte
r 
cu
tt
in
g 
th
e 
pl
an
t. 
•	
Pl
an
ts
 w
er
e 
th
en
 e
ith
er
 d
ri
ed
 a
s 
w
ho
le
 s
am
pl
es
 o
r 
ch
ip
pe
d 
an
d 
su
bs
am
pl
ed
 b
ef
or
e 
dr
yi
ng
 a
t 
60
 t
o 
70
o C
. A
t 
R
6,
 e
ar
s 
w
er
e 
re
m
ov
ed
 b
ef
or
e 
ch
op
pi
ng
 t
he
 w
et
 v
eg
et
at
iv
e 
m
at
er
ia
l, 
w
ith
 a
 
su
bs
am
pl
e 
co
lle
ct
ed
 fo
r 
m
oi
st
ur
e 
de
te
rm
in
at
io
n.
•	
D
ry
 w
ei
gh
ts
 w
er
e 
ob
ta
in
ed
 a
fte
r 
sa
m
pl
es
 r
ea
ch
ed
 a
 c
on
st
an
t 
w
ei
gh
t. 
•	
Pl
an
ts
 w
er
e 
th
en
 g
ro
un
d 
an
d 
pa
ss
ed
 t
hr
ou
gh
 a
 <
1 
m
m
 s
ie
ve
 a
nd
 s
hi
pp
ed
 t
o 
A
gv
is
e 
La
bo
ra
to
ri
es
. D
ry
 w
ei
gh
ts
 o
f c
ob
 a
nd
 g
ra
in
 w
er
e 
ob
ta
in
ed
 a
fte
r 
dr
yi
ng
 a
t 
60
 t
o 
70
o C
. 
•	
G
ra
in
 w
as
 g
ro
un
d 
an
d 
se
nt
 t
o 
A
gi
vs
e 
La
bo
ra
to
ri
es
.
•	
To
ta
l N
 in
 p
la
nt
 t
is
su
e 
an
d 
gr
ai
n 
w
as
 d
et
er
m
in
ed
 u
si
ng
 t
he
 D
um
as
 C
om
bu
st
io
n 
m
et
ho
d 
w
ith
 a
n 
El
em
en
ta
ry
 R
ap
id
 N
 C
ub
e 
N
itr
og
en
 A
na
ly
ze
r 
(E
le
m
en
ta
r A
na
ly
se
ns
yt
em
e 
G
m
bH
, 
La
ng
en
se
lb
ol
d,
 G
er
m
an
y)
. 
N
itr
og
en
 in
 p
la
nt
s 
be
fo
re
 p
hy
si
ol
og
ic
al
 m
at
ur
ity
:
Ve
ge
ta
tiv
e 
N
 (
an
d 
ve
ge
ta
tiv
e 
pl
us
 g
ra
in
 a
nd
 c
ob
 fo
r 
R
4 
sa
m
pl
es
) 
co
nt
en
t:
V
N
 =
 V
dr
y 
x 
N
C
V
W
he
re
 V
dr
y 
w
as
 t
he
 d
ry
 m
at
te
r 
of
 t
he
 s
ix
 p
la
nt
 s
am
pl
es
 (
co
nv
er
te
d 
to
 a
n 
ar
ea
 b
as
is
 b
y 
pl
an
t 
po
pu
la
tio
n)
 a
nd
 N
C
v 
th
e 
pl
an
t 
m
at
er
ia
l t
ot
al
 N
 c
on
ce
nt
ra
tio
n,
 d
ry
 m
at
te
r 
ba
se
d.
 
U
ni
ts
 k
g 
ha
–1
.
N
itr
og
en
 in
 p
la
nt
s 
at
 m
at
ur
ity
:
Si
x-
pl
an
t 
ve
ge
ta
tiv
e 
m
oi
st
ur
e:
V
m
oi
st
 =
 (
ve
ge
ta
tiv
e 
w
et
 s
ub
sa
m
pl
e 
w
ei
gh
t 
– 
dr
y 
su
bs
am
pl
e 
w
ei
gh
t)
/(
w
et
 s
ub
sa
m
pl
e 
w
ei
gh
t)
W
he
re
 t
he
 m
oi
st
ur
e 
w
as
 d
et
er
m
in
ed
 fr
om
 a
 s
ub
sa
m
pl
e 
of
 c
ho
pp
ed
 p
la
nt
 v
eg
et
at
iv
e 
m
at
er
ia
l. 
U
ni
ts
 %
.
C
on
tin
ue
d 
ne
xt
 p
ag
e
Ta
bl
e 
4 
(c
on
tin
ue
d)
.
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Pr
ot
oc
ol
Si
x-
pl
an
t 
fie
ld
 m
oi
st
ur
e 
w
ei
gh
t:
V
F 
=
 w
et
 v
eg
et
at
iv
e 
w
ei
gh
t 
of
 s
ix
 p
la
nt
s
W
he
re
 t
he
 v
eg
et
at
iv
e 
w
ei
gh
t 
of
 t
he
 s
ix
 p
la
nt
s 
w
as
 d
et
er
m
in
ed
 b
ef
or
e 
ch
op
pi
ng
. U
ni
ts
 g
.
Si
x-
pl
an
t 
gr
ai
n 
w
ei
gh
t:
G
R
6 
=
 d
ry
 g
ra
in
 w
ei
gh
t 
of
 t
he
 s
ix
 p
la
nt
s
W
he
re
 t
he
 s
ix
-p
la
nt
 g
ra
in
 d
ry
 w
ei
gh
t 
w
as
 m
ea
su
re
d.
 U
ni
ts
 g
.
Si
x-
pl
an
t 
co
b 
w
ei
gh
t:
C
6 
=
 d
ry
 c
ob
 w
ei
gh
t 
of
 t
he
 s
ix
 p
la
nt
s
W
he
re
 t
he
 s
ix
-p
la
nt
 c
ob
 d
ry
 w
ei
gh
t 
w
as
 m
ea
su
re
d.
 U
ni
ts
 g
.
Si
x-
pl
an
t 
ve
ge
ta
tiv
e 
w
ei
gh
t:
V
6 
=
 (
1–
V
m
oi
st
) 
x 
V
F
W
he
re
 t
he
 s
ix
-p
la
nt
 v
eg
et
at
iv
e 
w
et
 w
ei
gh
t 
w
as
 c
on
ve
rt
ed
 t
o 
dr
y 
m
at
te
r 
ba
si
s. 
U
ni
ts
 g
.
C
ob
 h
ar
ve
st
 in
de
x:
C
H
I =
 G
R
6/
(C
6+
G
R
6)
W
he
re
 t
he
 c
ob
 h
ar
ve
st
 in
de
x 
w
as
 b
as
ed
 o
n 
th
e 
si
x-
pl
an
t 
sa
m
pl
e.
G
ra
in
 h
ar
ve
st
 in
de
x:
H
I =
 G
R
6/
(G
R
6+
V
6+
C
6)
W
he
re
 t
he
 g
ra
in
 h
ar
ve
st
 in
de
x 
w
as
 b
as
ed
 o
n 
th
e 
si
x-
pl
an
t 
sa
m
pl
e.
G
ra
in
 y
ie
ld
:
G
Y
=
 h
ar
ve
st
ed
 p
lo
t 
w
ei
gh
t 
pl
us
 s
ix
 p
la
nt
 g
ra
in
 w
ei
gh
t
W
he
re
 t
he
 t
ot
al
 p
lo
t 
gr
ai
n 
ha
rv
es
t 
w
as
 c
on
ve
rt
ed
 t
o 
dr
y 
m
at
te
r 
w
ei
gh
t 
pe
r 
ar
ea
 b
as
is
 (
yi
el
d)
. U
ni
ts
 k
g 
ha
–1
.
C
ob
 d
ry
 m
at
te
r 
yi
el
d:
C
Y
 =
 (
G
Y
/C
H
I)
-G
Y
W
he
re
 t
he
 c
ob
 d
ry
 m
at
te
r 
w
as
 c
on
ve
rt
ed
 t
o 
a 
w
ei
gh
t 
pe
r 
ar
ea
 b
as
is
 (
yi
el
d)
 b
y 
us
in
g 
th
e 
ha
rv
es
te
d 
pl
ot
 g
ra
in
 y
ie
ld
 (
G
Y
). 
U
ni
ts
 k
g 
ha
–1
.
Ve
ge
ta
tiv
e 
yi
el
d:
V
Y
 =
 (
G
Y
/H
I)
-G
Y-
C
Y
W
he
re
 t
he
 v
eg
et
at
iv
e 
dr
y 
m
at
te
r 
(y
ie
ld
) 
w
as
 c
al
cu
la
te
d 
fr
om
 t
he
 g
ra
in
 h
ar
ve
st
 in
de
x 
an
d 
gr
ai
n 
yi
el
d 
(G
Y
), 
w
ith
 s
ub
tr
ac
tio
n 
of
 g
ra
in
 y
ie
ld
 a
nd
 c
ob
 y
ie
ld
 (
C
Y
). 
U
ni
ts
 k
g 
ha
–1
.
G
ra
in
 N
 c
on
te
nt
:
G
N
 =
 G
Y
 x
 N
C
g
W
he
re
 t
he
 g
ra
in
 N
 c
on
te
nt
, a
re
a 
ba
se
d,
 w
as
 c
al
cu
la
te
d 
by
 m
ul
tip
ly
in
g 
th
e 
gr
ai
n 
dr
y 
m
at
te
r 
yi
el
d 
tim
es
 t
he
 g
ra
in
 N
 c
on
ce
nt
ra
tio
n 
(N
C
g)
. U
ni
ts
 k
g 
ha
–1
.
Ve
ge
ta
tiv
e 
N
 c
on
te
nt
:
V
N
 =
 V
Y
 x
 N
C
v
W
he
re
 t
he
 v
eg
et
at
iv
e 
N
 c
on
te
nt
, a
re
a 
ba
se
d,
 w
as
 c
al
cu
la
te
d 
by
 m
ul
tip
ly
in
g 
th
e 
ve
ge
ta
tiv
e 
dr
y 
m
at
te
r 
yi
el
d 
tim
es
 t
he
 v
eg
et
at
iv
e 
N
 c
on
ce
nt
ra
tio
n 
(N
C
v)
. U
ni
ts
 k
g 
ha
–1
.
C
ob
 N
 c
on
te
nt
:
C
N
 =
 (
G
N
+
V
N
) 
x 
0.
04
8
W
he
re
 t
he
 c
ob
 N
 c
on
te
nt
, a
re
a 
ba
si
s, 
w
as
 e
st
im
at
ed
 b
y 
a 
co
nv
er
si
on
 fa
ct
or
 (
48
 +
/–
13
 g
 k
g–
1  
of
 t
ot
al
 N
 u
pt
ak
e)
 t
im
es
 t
he
 g
ra
in
 N
 (
G
N
) 
pl
us
 t
he
 v
eg
et
at
iv
e 
N
 (
V
N
); 
as
 t
he
 c
ob
 
w
as
 n
ot
 a
na
ly
ze
d 
fo
r 
N
 c
on
ce
nt
ra
tio
n.
 U
ni
ts
 k
g 
ha
–1
.
To
ta
l p
la
nt
 N
 c
on
te
nt
:
T
N
 =
 G
N
+
V
N
+
C
N
W
he
re
 t
he
 t
ot
al
 a
bo
ve
gr
ou
nd
 p
la
nt
 N
 c
on
te
nt
, a
re
a 
ba
si
s, 
w
as
 d
et
er
m
in
ed
 b
y 
ad
di
ng
 t
he
 g
ra
in
 N
 (
G
N
), 
ve
ge
ta
tiv
e 
N
 (
V
N
) 
an
d 
co
b 
N
 (
C
N
). 
U
ni
ts
 k
g 
ha
–1
.
C
on
tin
ue
d 
ne
xt
 p
ag
e
Ta
bl
e 
4 
(c
on
tin
ue
d)
.
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Pr
ot
oc
ol
W
ea
th
er
H
ob
o 
U
30
 a
ut
om
at
ic
 w
ea
th
er
 s
ta
tio
ns
 (
O
ns
et
 C
om
pu
te
r 
C
or
po
ra
tio
n,
 B
ou
rn
e,
 M
A
) 
w
er
e 
se
t 
up
 a
dj
ac
en
t 
to
 e
ac
h 
tr
ia
l s
ite
. E
ac
h 
w
ea
th
er
 s
ta
tio
n 
w
as
 e
qu
ip
pe
d 
w
ith
 s
en
so
rs
 
at
ta
ch
ed
 t
o 
a 
da
ta
 lo
gg
er
 t
o 
m
ea
su
re
:
•	
Pr
ec
ip
ita
tio
n 
co
lle
ct
ed
 u
si
ng
 a
 t
ip
pi
ng
 b
uc
ke
t.
•	
Ph
ot
os
yn
th
et
ic
al
ly
 a
ct
iv
e 
ra
di
at
io
n 
se
ns
or
 (
40
0–
70
0 
nm
).
•	
Te
m
pe
ra
tu
re
 a
nd
 r
el
at
iv
e 
hu
m
id
ity
, w
ith
 a
 s
ol
ar
 r
ad
ia
tio
n 
gu
ar
d.
Pr
oc
ed
ur
e:
•	
Se
ns
or
s 
w
er
e 
co
nn
ec
te
d 
to
 a
 t
el
em
et
ri
c 
da
ta
 lo
gg
er
 (
T
X
30
0;
 O
ns
et
 C
om
pu
te
r 
C
or
po
ra
tio
n,
 B
ou
rn
e,
 M
A
) 
an
d 
re
ad
in
gs
 r
ec
or
de
d 
ev
er
y 
15
 m
in
. 
•	
Se
ns
or
s 
w
er
e 
m
on
ito
re
d 
th
ro
ug
ho
ut
 t
he
 s
ea
so
n 
an
d 
ra
in
 g
au
ge
s 
cl
ea
ne
d 
of
 d
eb
ri
s 
w
he
n 
ob
se
rv
ed
.
•	
T
he
 2
01
4 
N
or
th
 D
ak
ot
a 
A
m
en
ia
 s
ite
 u
se
d 
an
 N
D
A
W
N
 (
N
or
th
 D
ak
ot
a 
A
gr
ic
ul
tu
ra
l W
ea
th
er
 N
et
w
or
k)
 w
ea
th
er
 s
ta
tio
n 
w
hi
ch
 w
as
 lo
ca
te
d 
5.
6 
km
 fr
om
 t
he
 s
ite
. 
•	
T
he
 2
01
6 
M
is
so
ur
i B
ra
df
or
d 
si
te
 d
id
 n
ot
 h
av
e 
a 
w
ea
th
er
 s
ta
tio
n 
an
d 
us
ed
 w
ea
th
er
 g
at
he
re
d 
fr
om
 t
he
 U
ni
ve
rs
ity
 o
f M
is
so
ur
i’s
 B
ra
df
or
d 
re
se
ar
ch
 s
ta
tio
n,
 a
 d
is
ta
nc
e 
of
 1
.9
 k
m
 fr
om
 t
he
 
si
te
. 
H
is
to
ri
c 
cl
im
at
e 
da
ta
 w
as
 p
ro
pa
ga
te
d 
fo
r 
ea
ch
 s
ite
 fr
om
 t
he
 p
re
vi
ou
s 
30
 y
r.
So
il 
m
oi
st
ur
e
Fo
ur
 p
lo
ts
 p
er
 s
ite
 h
ad
 m
oi
st
ur
e 
pr
ob
es
 (
W
at
er
m
ar
k 
20
0S
S;
 T
he
 Ir
ro
m
et
er
 C
om
pa
ny
, I
nc
., 
R
iv
er
si
de
, C
A
) 
pl
ac
ed
 a
t 
de
pt
hs
 o
f 3
0,
 6
0,
 9
0,
 a
nd
 1
20
 c
m
. 
•	
T
he
 fo
ur
 s
en
so
rs
 w
er
e 
pl
ac
ed
 in
 t
w
o 
N
 t
re
at
m
en
ts
 o
f 9
0 
kg
 N
 h
a–
1  
ap
pl
ie
d 
al
l a
t 
pl
an
tin
g 
an
d 
27
0 
kg
 N
 h
a–
1  
sp
lit
 a
pp
lic
at
io
n 
w
ith
 9
0 
kg
 N
 h
a–
1 
ap
pl
ie
d 
al
l a
t 
pl
an
tin
g 
an
d 
18
0 
kg
 N
 h
a–
1 
ap
pl
ie
d 
at
 s
id
e-
dr
es
s. 
•	
Se
ns
or
s 
w
er
e 
co
nn
ec
te
d 
to
 a
 W
at
er
m
ar
k 
M
on
ito
r 
90
0M
 d
at
a 
lo
gg
er
 (
T
he
 Ir
ro
m
et
er
 C
om
pa
ny
, I
nc
., 
R
iv
er
si
de
, C
A
) 
ta
ki
ng
 r
ea
di
ng
s 
ev
er
y 
6 
h.
 
•	
Se
ns
or
s 
w
er
e 
in
st
al
le
d 
in
 t
he
 m
id
dl
e 
of
 t
he
 h
ar
ve
st
 r
ow
 b
et
w
ee
n 
em
er
gi
ng
 c
or
n 
pl
an
ts
. T
he
 s
en
so
rs
 w
er
e 
at
ta
ch
ed
 t
o 
PV
C
 t
ub
in
g 
to
 a
llo
w
 fo
r 
ea
sy
 in
st
al
la
tio
n 
an
d 
re
m
ov
al
.
T
he
 m
ea
su
re
d 
el
ec
tr
ic
al
 r
es
is
ta
nc
e 
w
as
 c
on
ve
rt
ed
 t
o 
a 
vo
lu
m
et
ri
c 
so
il 
w
at
er
 c
on
te
nt
 u
si
ng
 t
he
 c
on
ve
rs
io
n 
fa
ct
or
s 
de
ve
lo
pe
d 
by
 S
ax
to
n 
an
d 
R
aw
ls
 (
20
06
). 
T
he
 t
ex
tu
re
 a
nd
 o
rg
an
ic
 
m
at
te
r 
ob
ta
in
ed
 fr
om
 t
he
 s
ite
 c
ha
ra
ct
er
iz
at
io
n 
sa
m
pl
es
 w
er
e 
us
ed
 a
s 
in
pu
ts
 fo
r 
th
is
 e
qu
at
io
n.
 
O
ne
 a
dd
iti
on
al
 s
oi
l m
oi
st
ur
e 
se
ns
or
 (
Tr
iS
C
A
N
 S
en
so
r; 
Se
nt
ek
 S
en
so
r T
ec
hn
ol
og
ie
s, 
St
ep
ne
y, 
SA
, A
us
tr
al
ia
) 
w
as
 in
st
al
le
d 
at
 e
ac
h 
si
te
 in
 2
01
5.
 
•	
T
he
 s
en
so
r 
w
as
 in
st
al
le
d 
ad
ja
ce
nt
 t
o 
th
e 
W
at
er
m
ar
k 
se
ns
or
s 
in
 t
he
 p
lo
t 
re
ce
iv
in
g 
28
0 
kg
 N
 h
a–
1  
sp
lit
 a
pp
lie
d.
 
•	
T
he
 s
en
so
r 
w
as
 in
st
al
le
d 
to
 a
 d
ep
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pRoJeCT SUMMARY
Descriptive Statistic Results
The research included 49 sites over three growing seasons 
(2014–2016) spanning eight U.S. Corn Belt region states. Intensive 
analysis of the dataset with hypothesis testing will follow in subse-
quent publications. Here we provide a summary of general data (only 
descriptive statistical analysis), to provide the reader a sense of the 
variable soils, weather, and N responses encompassed across the sites. 
The research was conducted on a wide range of soils represented by 
different soil textures (Fig. 2). Based on average 1.2-m profile mea-
surements, most sites would be classified as silty clay loam, silt loam, 
or loam soil textures. Nine sites were either sand, loamy sand, or 
sandy loam. Three sites were silty clay or clay. Likewise, soil organic 
matter and total N were highly variable across the sites (Fig. 3).
Averaged across all sites, the EONR averaged 169 and 
159 kg N ha–1 for fertilizer applied at planting and split-applied 
(side-dress ~V9), respectively, but ranged between 0 and 
315 kg N ha–1 across both application timings (Fig. 4). This wide 
range in EONR illustrates the difficulty associated with generating 
accurate N fertilizer guidelines for diverse soil, weather, and previ-
ous crop management conditions. Average yield response to N, yield 
at economic optimal nitrogen rate (YEONR), and EONR agro-
nomic efficiency at the EONR were all slightly greater with split N 
application versus all N applied at planting (Fig. 4). In summary, 
the descriptive statistics for the key soil and crop variables presented 
here confirm and satisfy two desired requirements for a successful 
outcome to the project: (i) there was indeed considerable difference 
in soil properties across the 49 sites, and (ii) the inherent soil and 
climatic differences combined with the standardized N treatment 
protocol at each site allowed measurements of large differences 
in corn response (YEONR and EONR) to applied N across the 
diverse environments. Hence, this project has generated valuable 
data over a wide array of weather and soil environments that will 
allow a robust evaluation of the performance of N decision tools as 
well as answer other questions regarding N fertilizer management.
Timeline and Anticipated Science outcomes
The project has or will have three distinctive but overlapping 
phases: phase 1, field implementation and data collection; phase 2, 
graduate student analyses and publication, and phase 3, enhanced 
analyses and publication. The first phase is completed, having 
been initiated with early planning discussions in 2014 and with 
field studies conducted during the 2014 through 2016 growing 
seasons. While preliminary data analyses were conducted and 
presented at professional scientific meetings, the intent was that 
each of the graduate students would wait until all 3 yr of the 
project were completed to finish their degree program thesis or 
dissertation (phase 2). Concurrent with completion of their degree 
requirements, the students will be submitting their findings for 
publication in refereed journals. In the 2017 to 2019 timeframe, it 
is anticipated graduate students will be submitting manuscripts for 
journal consideration. While priority has been given to graduate 
students for first publication, undoubtedly additional investigative 
ideas will be developed by project investigators that can be tested 
and will lead to additional scientific contributions (phase 3). This 
phase potentially could go well past 2020.
Other industry and public research groups have already 
expressed interest in having access to these data for other analyses 
and modeling activities. Publication of the raw dataset for others 
to use is anticipated late in 2020.
Table 5. A summary of working objectives for the graduate student research on this project.
Graduate 
student Thesis or Dissertation objectives
Student 1 Assess the relationship between the response of residual soil nitrate-N and that of corn grain yield to N applied at 
pre-plant or split between pre-plant and a split application. 
Assess the relationship between various measures of nitrogen use efficiency (NUE) and residual soil nitrate-N.
Student 2 Compare the performance of publicity available algorithms for making in-season N fertilizer recommendations using 
canopy reflectance sensing.
Explore how weather and soil variables could be used to improve N recommendations from canopy sensing.
Student 3 Assess the impact of pre-plant and split N application strategies on in-season soil nitrate-N availability, N uptake, and yield 
over various weather and soil conditions.
Compare the effect of soil sampling timing, N fertilizer rate, incubation length, site characteristics, incubation length, and 
their interactions on potentially mineralizable nitrogen (PMN).
Quantify the predictive power of PMN values at different soil sampling timings and N rates alone and in conjunction with 
site characteristics and/or the pre-side-dress soil nitrate-N test or pre-plant soil nitrate-N test in determining soil N, plant 
N uptake, optimal N rate, and yield.
Student 4 Evaluate and compare over a wide range of soil and weather conditions in the U.S. Midwest publicly available N decision 
tools for making corn N rate recommendations. 
Assess publicly available N decision tools for minimizing residual post-harvest soil nitrate-N.
Investigate improving N decision tools by adjusting N fertilizer recommendations with site-specific soil and current-season 
weather information. 
Explore improving N decision tool performance by combining or fusing tools together. 
Student 5 Assess internal nitrogen efficiency response (IE) to N rate and application timing.
Evaluate the effect of each component that make up IE and determine their contribution to it overall value.
Evaluate soil properties, weather, and crop sensing technology ability to predict IE at economic optimal nitrogen 
rate (EONR).
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project Advantages and value
Several advantages have occurred because of the way the 
research project was conducted. In recent decades, federal research 
funding is often coupled with the requirement of multidisciplinary 
approaches and wide-ranging objectives. The strength of such 
funded research is the breadth and interactions of the research 
questions as it often represents diverse biological, economic, and 
sociological interests. A disadvantage is the inability to focus 
resources on a specific need. In this case, there was a specific need 
identified, within the U.S. Corn Belt, which was shared by an 
agricultural company and by the public (as represented by land-
grant university soil fertility research and extension programs). 
Both entities desired detailed corn N response information over 
a wide range of soil and weather conditions, and with consistent 
research protocols. Use of public funds for this type of research 
has diminished in recent decades for many reasons, but generally 
applied field research of this nature has not been a funding prior-
ity. For this particular research the source of funding was an excel-
lent match for the desired goals.
A second example of conducting research in this manner was 
the unified effort of including all the principal investigators in the 
early stages of protocol development, including describing project 
organization, roles, coordination, and communication. This devel-
opment phase was essentially complete before initiating studies in 
the field. Including the extensive experience of all investigators in 
a Delphi method approach (Dalkey and Helmer, 1963) resulted in 
a plan with shared ownership and enhanced the team’s confidence 
in the research effort.
A third advantage was the reduced bureaucracy and paperwork 
for project approval, project administrative costs, agreements, 
dispersal of funding, equipment and laboratory expenditures, and 
result reporting compared to the process typically experienced with 
publicly funded projects. For example, as mentioned above, many 
equipment purchases and all laboratory costs were coordinated and 
centralized as a single purchase through the funding industry part-
ner. This approach resulted in improved cost and time efficiency 
than if the funds had been distributed to individual universities 
with each making purchases using their individualized procure-
ment procedures. While accountability for completing research 
using sound scientific methods is necessary, requirements imposed 
by some funding sources have become so arduous that securing and 
then managing the research resources can stifle research itself.
Another advantage has been the unique perspectives and 
strengths the investigators across the eight states have contributed 
to critical and creative thinking. The recognized co-equal voice 
given to all the principal investigators has also helped balance 
investigator biases. Because of the breadth in perspectives, graduate 
student training has been enhanced by both expertise and geo-
graphic scope.
Finally, the extensive planning, regular communication, mutual 
respect, and good personal nature between the industry and public 
team members have promoted cooperation, flexibility, and trust. 
The resultant “good chemistry” within this team has facilitated 
interaction and productivity. Not all teams have such positive 
interaction, which can hinder their efficacy.
Fig. 3. (left) Soil organic matter and (right) total soil N from 
the surface ~0 to 40 cm soil for the 49 research sites. The box 
midline represents the median, the box notch represents the 
95- confidence interval around the median, the upper and lower 
edges of the box represent the 25 to 75 percentiles, and the 
whiskers represent the range.
Fig. 4. (a) Economic optimal nitrogen rate (EONR), (b) yield 
at EONR, (c) yield response from N to EONR, and (d) the 
agronomic efficiency of EONR for the 49 research sites 
when all N was applied at planting (Planting) or when split 
applied (45 kg N ha–1 at planting and the remainder at the 
V9 development stage). The EONR value for each site was 
calculated using a corn price of $0.157 kg–1 and an N fertilizer 
price of $0.88 kg–1 after fitting the yield data to either a 
quadratic-plateau, quadratic, or linear model. In the plots the 
box midline represents the median, the box notch represents 
the 95-confidence interval around the median, the upper and 
lower edges of the box represent the 25 to 75 percentiles, and 
the whiskers represent the range. Only 46 sites were used for 
agronomic efficiency of EONR (lower right); the three situations 
for each fertilization time where EONR = 0 were removed.
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ConCLUSIonS
Agronomic investigations to explore the interactions of genetics 
(G) × environment (E) × management (M) (G×E×M) are funda-
mental for addressing the grand challenge of supplying food, feed, 
fiber, and fuel for a growing global population while also improv-
ing environmental stewardship. The complexity and enormity 
of G×E×M interactions are justification of big data collection, 
inquiry, and innovation. This project is an example of how the 
interacting “environment” and “management” parts of the G×E×M 
framework were explored when evaluating corn N response when 
fertilization was at planting and split applied over a wide geographic 
range of soil and weather conditions. The results will also allow for 
simultaneous validation of decision tools used in making corn N 
fertilizer recommendations. While this study focused on N rate 
and timing questions for the U.S. Midwest, these results and the 
way they were generated provide a road map for similar studies. 
Further, the findings will likely have far reaching effects for modify-
ing or developing new N fertilizer management tools globally.
The impact of fertilizer N use in corn has profound economic 
and environmental consequences. Growers have become more 
educated to these consequences and seem eager to have user-
friendly tools to assist them in their fertilizer decisions. But unless 
these tools are scientifically proven with field experimentation and 
validation, such as generated by this research, then the experience 
of growers can lead to skepticism and rejection.
It has been shown that when public-industry research collabo-
ration carefully considers and protects the interests of all sides, 
both innovation and technology transfer can result that benefits 
everyone (Wright et al., 2014). The public-industry collaborative 
arrangement of the project has thus far proven highly productive, 
and aspects of this project could be modeled when organizing 
similar projects, particularly those that have a regional scope.
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